Abstract We report on the in vivo uptake of antibodies into plant protoplasts. When protoplasts of sunflower, Arabidopsis or tobacco were incubated in vivo with an antibody, this antibody was detected by immunofluorescence in the cytoplasm and/or the nucleus, depending on the location of the target protein. Furthermore, when protoplasts were cultured in the presence of antibodies, specific effects were observed. Incubation with antibodies raised against p34 cdc2 led to a strong inhibition of the division rate, and a decrease in the average DNA content of protoplasts. With antibodies against HaWLIM1, a LIM domain protein of the CRP type, a negative effect on actin organisation was observed. We conclude that antibodies can penetrate plant protoplasts in vivo, and thus may be used as powerful tools for the study of protein function.
Introduction
Antibodies are widely used for immunodetection and immunolocalisation of proteins in animal and plant cells. The usual protocols for immunostaining require fixation and permeabilisation of cells or tissues before antibody binding, and thus do not apply to living cells. Besides localisation of proteins in cells or tissues, antibodies can also provide interesting clues regarding the function of secreted proteins.
In animal cells, although antibody permeability appears to be the major barrier for antibody accretion in tumours (Zhu et al. 1997) , antibodies have been widely used in immunotherapy and immunodetection (Kairemo et al. 1996; Adamus et al. 1997; Hjelstuen et al. 1998; Shutian et al. 2000; Halin et al. 2002) . In vivo uptake of an anti-CD30/saporin immunotoxin by rat liver cells gave encouraging results in the treatment of refractory Hodgkin's disease (Batelli et al. 1994 ). More recently, antibodies raised against nucleus components have been used for in vivo detection of intervertebral disk injury (Kairemo et al. 2001) . Antibody uptake assays have also been used to demonstrate internalisation of proteins (Abe et al. 2000; Doedens and Black 2000; Walter et al. 2001) and to study the function of proteins: in T lymphocytes, anti-CD3 and anti-CD28 monoclonal antibodies were shown to mimic CD28 co-stimulation (Lai et al. 1999) .
In plants, the penetration of large molecules into cells is strongly limited by the presence of the cell wall, whose porosity limit for globular proteins has been estimated at about 120 kDa (Baron-Epel et al. 1988) . To date, in vivo experiments with antibodies used as blocking agents have been limited to studies on transmembrane receptors in symbiosomes (Moreau et al. 2002) or in protoplasts (Barbier-Brygoo et al. 1989 , 1991 Rück et al. 1993; Leonhardt et al. 2001 ), or to the use of Fab fragments of lower molecular weight (Gehring et al. 1998) . In this article, we report on the penetration of antibodies into living protoplasts and on their use as blocking agents to study the function of intracellular target proteins.
Materials and methods

Plant material
Sunflower protoplasts
Seeds of sunflower (Helianthus annuus L., genotype EMIL Pioneer France Maïs) were sterilised in 5% calcium hypochloride for 20 min, then rinsed in sterile water and cultivated on MS medium (Murashige and Skoog 1962) ChanabØ et al. (1989) . After purification, protoplasts were embedded at a final density of 1.510 5 ml 1 in TLD medium (ChanabØ et al. 1991 ) containing 0.5% Sea Plaque agarose (FMC Bioproducts, Rockland, Me.), and before solidification small drops (40 ml) of this mix were spread on poly-l-lysine (Sigma, St. Louis, Mo.)-coated coverslips. After solidification of the drops, embedded protoplasts were submerged in 1 ml TLD medium and cultured in the dark at 25C.
Arabidopsis protoplasts
Arabidopsis cell suspension was subcultured weekly by inoculating 1.5 g cells into 300 ml Gamborg medium (Gamborg et al. 1968) supplemented with 20 g l 1 sucrose and 2.5 mM 2,4-dichlorophenoxyacetic acid (2,4-D), pH 5.7. For protoplasting, 300 ml of the same medium was inoculated with 5 g cells 4 days before the experiment. Protoplasts were then prepared as described in Neuhaus and Boevink (2001) . After purification, protoplasts were embedded in solid medium (0.5% agarose in 10 mM HEPES and 550 mM sorbitol, pH 7.3) as described above and submerged in 1 ml HEPES buffer.
Tobacco protoplasts
Tobacco cell lines (Nicotiana tabacum L. cv. Bright Yellow BY-2) were grown in Linsmaier and Skoog liquid medium (Linsmaier and Skoog 1965) bovine serum albumin (BSA). After washing in HEPES buffer (HEPES 25 mM, Sorbitol 0.6 M, pH 6.7), protoplasts were resuspended in 10 ml HEPES buffer supplemented with 10% Ficoll, and 3 ml HEPES buffer was delicately added on top of the cell suspension. After 5 min centrifugation at 100 g, protoplasts were taken out from the interface and washed twice in 10 ml HEPES buffer. After purification, protoplasts were embedded in solid medium (0.5% agarose in HEPES buffer) as described above and submerged in 1 ml HEPES buffer before use. Antibody uptake and staining of living protoplasts Protoplasts (embedded in agarose on coverslips) were incubated for 3 h at room temperature in the presence of unlabelled antibody in vivo. After incubation, protoplasts were rinsed for 5 min in 1 ml fresh culture medium, then fixed for 1 h at room temperature by 2% paraformaldehyde and 0.03% glutaraldehyde in 50 mM Pipes buffer supplemented with 5 mM EGTA, 5 mM MgSO 4 and 0.08% Igepalca630 (Sigma). After washing three times in the same buffer, protoplasts were incubated for 10 min in PBS (10 mM with 1 mg ml 1 NaBH 3 CN), then rinsed in TBS-Mg 2+ (Tris 10 mM, MgCl 2 30 mM) for 10 min and in TBS-BSA (Tris 20 mM, NaCl 150 mM supplemented with 1 mg ml 1 BSA) for 10 min. Protoplasts were then incubated for 2 h at room temperature with FITClabelled secondary antibodies (dilution 1:50). After rinsing three times 10 min in TBS-BSA, coverslips were mounted in an antifading buffer (Citifluor, Link Analytical, London, UK). For negative controls, protoplasts were fixed and stained without in vivo pre-incubation with antibody.
Microscopy and image analysis
For conventional fluorescence microscopy, observations of immunostained protoplasts were made with a Leitz Laborlux microscope (Leica, Heidelberg, Germany) equipped for epifluorescence illumination and with Leica filter block I2 (excitation BP450-490 and emission LP520). Images were acquired using a PL APO 40/1.32 oil objective lens and a Coolpix 950 digital camera (Nikon, Japan).
Confocal observations were made with a TCS SP2 confocal laser microscope (Leica). Image acquisition was achieved with a HCX PL APO 40/1.25 Leica objective lens in scan mode and image averaging of three frames. For FITC the 488 nm line of an argon laser was used and the emission window set to 510-530 nm.
For quantitative analysis of DNA content, protoplasts were stained with Hoechst stain and observed on a DMIRBE microscope (Leica) with filter block A (excitation BP 340-380 and emission LP 430). Images were acquired with a Colorview CCD camera (Photonic Science, Robertsbridge, UK) and then analysed with Image Pro Plus imaging software (Mediacybernetics, Silver Spring, Md.).
Results
In vivo antibody uptake in protoplasts
The uptake of antibodies was studied with unlabelled antibodies raised against specific proteins: the sunflower LIM domain protein HaWLIM1, spectrin (chicken), calreticulin (human) and p34 cdc2 (PSTAIRE). Protoplasts in culture were incubated with unlabelled antibodies for 3 h. After rinsing with fresh culture medium, they were fixed and the presence of antibodies inside protoplasts was then revealed by immunostaining with FITC-labelled secondary antibodies.
HaWLIM1 is a protein of unknown function expressed in all organs of sunflower (Mundel et al. 2000) , which presents a dual localisation, nuclear and cytoplasmic. Protoplasts pre-incubated with anti-HaWLIM1 were nearly all labelled (Fig. 1) . A clear nuclear labelling and a dotted cytoplasmic pattern were observed (Fig. 2a) , in accordance with published data (Brire et al. 2003) .
With anti-chicken spectrin antibodies, a network of thin filaments could be seen (Fig. 2b) . This pattern corresponds well to the expected localisation of spectrin, which is known to associate with actin arrays and endoplasmic reticulum (ER) aggregates (Braun 2001) .
In animal, calreticulin is known to localize in the ER lumen (Michalak et al. 1992) . In pre-incubated sunflower protoplasts, anti-calreticulin antibodies were found in the nucleus and also along filaments (Fig. 2c) . Such a pattern is in good accordance with the expected localisation of this protein.
The PSTAIRE epitope is shared by all cdc2 proteins, and antibodies against PSTAIRE recognize a cdc2-like protein that is localised mainly to the nucleus in plant cells (Colasanti et al. 1993) . In sunflower protoplasts, anti-cdc2 antibodies were detected predominantly in the nucleus, and more weakly in the cytoplasm, as a diffuse fluorescence (Fig. 2d) .
Surprisingly, anti-a-tubulin monoclonal antibody was detected only very weakly in sunflower protoplasts, mainly in the nucleus (Fig. 2e) .
In control experiments, when protoplasts were stained without pre-incubation with antibodies they showed no fluorescent labelling (Fig. 2f) .
In order to test the effect of washing after antibody incubation, protoplasts were incubated with anti-HaW-LIM1 for 1 day, then rinsed twice 20 min in 2 ml TLD medium before fixation and immunostaining. Clear labelling as described above was still observed.
Antibody uptake experiments were also carried out with Arabidopsis and tobacco protoplasts using the same protocol. As with sunflower protoplasts, when pre-incubated in vivo with anti-HaWLIM1 or anti-spectrin antibody, Arabidopsis protoplasts (Fig. 3a,b ) and tobacco protoplasts (Fig. 4a,b) showed a strong cytoplasmic and/ or nuclear labelling. In contrast to the observations made in sunflower protoplasts, uptake of the anti-a-tubulin antibody was observed in Arabidopsis and tobacco (Figs. 3c, 4c) . The cytoplasm and the nucleus were clearly labelled, but without displaying a clear network pattern as would be expected for tubulin.
Antibodies can be used as blocking agents
In order to demonstrate the possibility of using antibodies as blocking agents of target proteins in protoplasts, two polyclonal antibodies were tested: one against p34
Cdc2 and one against HaWLIM1. p34
Cdc2 is known to be involved in the regulation of the cell cycle (Draetta and Beach 1988) . Blocking the function of this protein with an antibody by inhibiting its activation by cyclins should have an inhibitory effect on the cell cycle and thus on protoplast division. Antibody was added to the culture medium of sunflower protoplasts at day zero (immediately after protoplast purification). Protoplasts were then cultured at 25C in the dark. A rabbit pre-immune antiserum was used as a negative control.
The viability of protoplasts was assessed by FDA labelling after 3 days in culture in the presence of anti-Cdc2 antibody. For dilutions higher than 1:200 the presence of anti-Cdc2 antibody in the culture medium had no effect on protoplast viability (Fig. 5) . However, at lower dilutions, a dose-dependent decrease of viability was observed.
The division rate of protoplasts was then assessed after 1 week in culture. In control cultures the division rate was found to be similar to that of protoplasts cultured under normal conditions (i.e. without addition of antiserum). With anti-Cdc2, a dose-dependent effect was observed: the division rate strongly decreased in the presence of anti-Cdc2 antibody (Fig. 5) . With a dilution of 1:1,000 the proportion of divided protoplasts was less than 50% of the control and at 1:200 the division process was almost completely blocked. At lower dilutions, no division was observed, but this may be due to the decrease in viability.
In order to correlate the inhibition of the division rate with the progression of the cell cycle, the nuclear DNA content of protoplasts cultured in the presence of antiCdc2 antibody (dilution 1:500) was assessed by DNA staining with Hoechst. The fluorescence of labelled nuclei was significantly lower in anti-Cdc2 treated protoplasts than in the control. This difference was maximum at culture day 6 (Fig. 6) , when a high proportion of nuclei with a high DNA content was observed in control protoplasts but nearly none in treated protoplasts. This correlates well with the division kinetics of sunflower protoplasts where the maximum rate of cell division is reached after about 6 days of culture under control conditions. HaWLIM1 function is not yet known in sunflower, but LIM domain proteins of the CRP type, to which HaW-LIM1 belongs, are thought to be involved in the organisation of the actin cytoskeleton (Bach 2000) . In 1-day-old control protoplasts, actin organisation, studied by immunolabelling, revealed the presence of a cortical array of microfilaments connected to the nucleus by cytoplasmic actin wires. In protoplasts cultured with anti-HaWLIM1 antiserum (dilution 1:1,000) for 1 day, well organised actin arrays and actin wires were found at a significantly lower frequency (P=0.01) than in control populations (Table 2) . Furthermore, after 4 days of culture with anti-HaWLIM1, the plating efficiency of protoplasts was significantly increased (P=0.01) as compared to the controls (Table 2) . Although this latter result cannot be related to a known function of the protein, the effect of anti-HaWLIM1 on actin organisation corresponds well to bibliographic data.
These assays clearly show that addition to protoplasts cultures of antibodies raised against specific proteins leads to biological effects that would be expected from inhibition of the corresponding protein functions: arresting the division process in the case of p34 Cdc2 , or actin array disorganisation in the case of HaWLIM1. Fig. 1 Antibody uptake in sunflower protoplasts pre-incubated in vivo with anti-HaWLIM1 antibody and stained with FITC-conjugated secondary antibody. Projection of 20 confocal sections (total thickness 80 mm). Bar 100 mm Fig. 2 Antibody uptake in sunflower protoplasts. Protoplasts were pre-incubated in vivo with a anti-HaWLIM1, b anti-spectrin, c anti-calreticulin, d antiCdc2 and e anti-a-tubulin antibodies. f Negative control (no antibody pre-incubation). After chemical fixation, protoplasts were immunostained with FITC-conjugated secondary antibody. a-c, f Confocal microscopy; d, e wide field microscopy. Bar 10 mm Fig. 3 Antibody uptake in Arabidopsis protoplasts pre-incubated with a anti-HaWLIM1, b anti-spectrin and c anti-tubulin before fixation and immunostaining with FITC-conjugated secondary antibody. Observations in confocal microscopy. Bar 10 mm Fig. 4 Antibody uptake in tobacco protoplasts pre-incubated with a anti-HaWLIM1, b antispectrin and c anti-tubulin before fixation and immunostaining with FITC-conjugated secondary antibody. Observations in confocal microscopy. Bar 10 mm
Discussion
The results described here represent several lines of evidence that antibodies can enter in vivo plant protoplasts and thus can be useful tools for functional studies of target proteins.
Immunofluorescence studies coupled with confocal microscopy gave direct evidence of antibody penetration into living protoplasts. The four polyclonal antibodies tested in this work were found, after a few hours, inside sunflower, Arabidopsis or tobacco protoplasts cultured in the presence of the antibody. They were detected in nearly all protoplasts (see Fig. 1 ). Considering the viability of freshly isolated protoplasts exceeds 90%, this means that antibodies were able to enter living protoplasts and not just dead ones. It could be argued that residual antibodies bound to membrane proteins entered the protoplasts during the fixation process, but increasing the duration and the volume of washing did not suppress labelling. Thus, it is unlikely that the observed labelling was due to an experimental artefact.
Furthermore, although it was difficult to assess uptake efficiency, in all cases a clear cytoplasmic and/or nuclear labelling of living protoplasts was observed, generally in good agreement with the expected pattern of the target protein. Thus, antibodies that penetrate into plant protoplasts are also able to recognise their targets. However, the ability of antibodies to enter protoplasts appears to depend on the antibody itself and on the origin of the protoplasts. Monoclonal antibodies, such as anti-a-tubulin or anti-actin (result not shown) did not penetrate, or only very weakly penetrated, sunflower protoplasts. In contrast, in Arabidopsis or tobacco protoplasts, uptake of anti-a-tubulin was clearly observed, although not showing the expected tubulin network. We hypothesize that in the case of sunflower, the antibody did not enter the protoplasts, and that in Arabidopsis or tobacco protoplasts the presence of antibody prevents the formation of a stable network structure. Despite the apparent dependence on antibody and protoplast origins, these results provide clear evidence that antibodies are able to penetrate plant protoplasts in vivo.
Indirect evidence of antibody uptake comes also from the results of biological assays. When anti-cdc2 antibody was added to the culture medium, division of protoplasts was inhibited and the nuclear DNA content decreased. Such effects were not observed with a pre-immune serum or with another antibody such as anti-HaWLIM1, which had the opposite effect on protoplast division. Inhibition of protoplast division corresponds exactly to the effect expected from inactivation of Cdc2a protein kinase, a plant homologue of p34 cdc2 , which appears to have a principal role in cell-cycle control in yeast (Lewin 1990; Reed 1991) . In Arabidopsis, it has been observed that a defect in the Cdc2a gene abolished cell division (Hemerly et al. 1995) exactly as did anti-cdc2 in sunflower protoplasts. In addition, knowing that Cdc2a activity starts in late G1 (Mironov et al. 1999) , the reduction in DNA content in anti-cdc2-treated protoplasts may well correspond to an arrest of the G1/S transition resulting from binding of the antibody to Cdc2a and the subsequent inactivation of the protein. Experiments with the antiHaWLIM1 antibody are also quite interesting. Although the exact function of HaWLIM1 is not known, its homology with CRP proteins suggests a role in actin cyto- skeleton regulation. The disorganisation of actin in protoplasts incubated with anti-HaWLIM1 is in good agreement with an inhibition of the protein function by the antibody. The mechanism by which antibodies enter a living cell through the plasma membrane is largely unknown. In plant protoplasts, the occurrence of constitutive endocytosis has been shown (Kubitscheck et al. 2000) , which is strongly enhanced by an increase in osmotic pressure. However, depolymerising actin microfilaments with latrunculin B, which is known to inhibit endocytosis, did not prevent antibody uptake in sunflower protoplasts (result not shown). Thus, other mechanisms must be invoked. The plasma membrane of protoplasts is highly perturbed by protoplast preparation, and its permeability properties may be very different from those of intact cells.
In conclusion, besides their standard use in immunocytology experiments to determine the location of proteins, antibodies can also be used to block or to enhance the effect of proteins in plants, as already demonstrated in animal cells. The presence of the cell wall, which constitutes a major barrier to the penetration of macromolecules inside plant cells, may be overcome by working with protoplasts. To some extent, the necessity of working with protoplasts might be considered as a limitation of the method. Nevertheless, protoplasts constitute a very useful simplified system for functional studies at the cellular level. With the development of proteomic approaches that will lead to the discovery and the sequencing of numerous new proteins, the use of antibodies as blocking agents in protoplasts should provide helpful clues as to the function of these proteins in plants.
